The rodent Calomys musculinus is the reservoir of the Junin virus, which causes Argentine hemorrhagic fever. A phylogeographic approach was used for the analysis of 6 populations from central Argentina based on cytochrome-b sequences from 27 individuals. Thirteen haplotypes were detected, each closely linked in the phylogenetic network; 2 of the most frequent haplotypes were internal, whereas the majority were unique to single populations and presented distal positions in the network. Most of the variance was explained by withinpopulation genetic diversity. Results of a mismatch distribution analysis and the deviation from neutrality confirmed that C. musculinus has experienced a recent range expansion; genetic drift has apparently been the main force acting at present, with low to moderate current gene flow. These results are in agreement with previous studies based on polymerase chain reaction-restriction fragment length polymorphism data of the mitochondrial D-loop region, and they support the reliability of both types of techniques.
In recent years, the use of phylogeographic approaches has provided new insights into the evaluation of the relative contribution of contemporary gene flow among populations and the life history of a species in order to determine observed patterns of genetic diversity by combining intraspecific gene phylogeny with spatial distribution of polymorphisms (Avise 2000) . In spite of its evolutionary interest, few studies using this approach have been performed on South American rodents. Patton et al. (1996) used cytochrome-b (Cytb) gene sequences to analyze the geographic structure of the species Oligoryzomys microtis, Mesomys hispidus, and Oryzomys capito sampled in localities along the banks of the Juruá River in western Amazonian Brazil. The authors detected an isolation by distance pattern in O. microtis and M. hispidus, and a recent range expansion of O. capito (¼ O. perenensis-see also Lessa et al. 2003) . Matocq et al. (2000) studied the Amazonian species Proechimys steerei and P. simonsi; the 1st occupies the seasonally flooded forest and the 2nd is found only in upland nonflooded forest. They found an isolation by distance pattern in both species and they suggested that there is an equilibrium between genetic drift and migration. However, P. steerei showed less genetic diversity and higher levels of ongoing gene flow than P. simonsi. The distinct phylogeographic patterns observed would be a consequence of the differences in life history and ecology. Kim et al. (1998) used sequence data of a 327-base pair (bp) segment of the Cytb gene to infer the phylogeographic pattern of Phyllotis xanthopygus from Patagonia (Argentina); 2 welldifferentiated genetic clades in the north and south banks of the Chubut River suggested that populations were divided by the development of an ice barrier during the last glaciations in the Pleistocene. Smith et al. (2001) studied the genetic structure of the rodents Abrothrix olivaceus and A. xanthorhinus from Argentina and Chile. On the basis of the phylogenetic relationships between mitochondrial haplotypes and their geographic distribution, the authors concluded that the 2 forms should be considered as only 1 species, following an isolation by distance pattern in Chile; migrations occurring from west (Chile) to east (Patagonia region) at different latitudes would have produced a high geographic structuring in Argentinean populations. Palma et al. (2005) , using Cytb sequences, performed a phylogeographic study in Oligoryzomys longicaudatus.
The authors included populations from Chile and Argentina, and detected a genetic structure compatible with a recent range expansion event, probably associated with the retreat of the ice during the last Pleistocene glaciations and the availability of new habitats.
Our research is focused on a murid of the subfamily Sigmodontinae, Calomys musculinus Thomas, 1913, which is the reservoir of the Junin virus, the etiological agent for Argentine hemorrhagic fever (AHF-Calderón 2004; Parodi et al. 1958) . Since the detection of this infectious disease in the central-eastern plains of Argentina, the endemic area has been steadily expanding in association with the increment of extensive agroecosystem fields, and currently comprises more than 150,000 km 2 (Enría et al. 1998) . C. musculinus is an opportunistic species that can occupy a variety of habitats, such as crop fields or their weedy margins (borders), where its populations can attain very high densities (Busch et al. 2000) . Infection occurs when farmers inhale aerosols carrying virus from excrement, saliva, or urine of infected rodents. The transmission of Junin virus among rodents occurs mainly horizontally through aggressive behavior between adult males during reproductive periods (Sabattini et al. 1977) .
Because virus transmission among individuals of C. musculinus is related to the degree and direction of gene flow among populations, the knowledge of the colonization patterns of this species may contribute to our understanding of AHF epidemiology. González-Ittig and Gardenal (2004) reported a phylogeographic inference in C. musculinus, based on the polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) analysis of the mitochondrial D-loop region. Populations of the species would have experienced a recent range expansion after explosive increments in density, probably associated with the spread of cultivated areas. Current gene flow would be moderate to low and the prevalence of genetic drift would favor random differentiation of populations of C. musculinus. This result is in accordance with the rapid expansion of the AHF endemic area immediately after its discovery, and the relatively low rate of dispersion of the disease in recent years.
The PCR-RFLP technique is an indirect method for studying nucleotide variation, and has been questioned by some authors who consider that the inferred restriction sites offer less resolution than direct nucleotide sequencing (Carr and Marshall 1991; Kocher et al. 1989; Wilson et al. 1989) . In this paper, we present a phylogeographic analysis of the mitochondrial DNA (mtDNA) variation using sequences of the Cytb gene from 6 populations of C. musculinus, and compare the results with those previously obtained using RFLP patterns of the D-loop region.
MATERIALS AND METHODS
Individuals were obtained from the following locations in Argentina ( Fig. 1) : Molinari (n ¼ 5) and Melo (n ¼ 6) in Cordoba Province, Pergamino (n ¼ 6) and San Nicolás (n ¼ 4) in Buenos Aires Province, Donovan (n ¼ 2) in San Luis Province, and Uranga (n ¼ 4) in Santa Fe Province. Identification of the specimens, locations of capture sites, and institutions where they are deposited are indicated in Appendix I. Molinari and Donovan are outside the AHF endemic region, and belong to the phytogeographic region known as ''Chaco Serrano.'' The remaining populations are in the AHF endemic region and belong to the ''Pampa'' phytogeographic region.
Specimens were collected during April and May from 2000 to 2002. Sherman-like live traps (7.5 Â 9.5 Â 25 cm; Moller, Buenos Aires, Argentina) were set in cultivated fields and high weeds of field borders in eight 100-m-long lines of 33 traps each, for 3 consecutive nights, and were inspected daily. All animals were sacrificed by ether inhalation; liver and kidneys were removed and conserved in 85% ethyl alcohol. Field procedures are in accordance with the guidelines for the capture, handling, and care of mammals of the American Society of Mammalogists (Animal Care and Use Committee 1998) .
Tissues were manipulated under a vertical laminar flow cabinet of biosafety level 1, taking the appropriate precautions required to deal with animals potentially infected with the Junin virus. DNA extraction from liver or kidney of each individual was performed according to the cetyltrimethylammonium bromide (CTAB) protocol (Del Sal et al. 1989) . Proteinase K and RNAse used in the extraction protocol were also used in the inactivation of any viral particles.
The complete and between 10 and 25 ng of total DNA. The reaction started with denaturation at 948C for 3 min, followed by 30 cycles of denaturation for 30 s at 948C, annealing for 90 s at 528C, and extension for 90 s at 728C. There was a final extension of 10 min at 728C.
Purified PCR products were then cycle sequenced using primer MVZ 05 to obtain the 59 end of the Cytb gene. We used the ABI Taq FS, dRhodamine, and Big Dye sequencing kits as recommended by the manufacturer and ran on an ABI 377 automated DNA sequencer (Applied Biosystems, Foster City, California). Sequences were aligned and edited using the Sequence Navigator software (Applied Biosystems Inc. 1994).
The Kimura 2-parameter genetic distance, which considers a different probability of occurrence of transitions and transversions (Kimura 1980) , was calculated with the program DNADIST of the PHYLIP package, version 3.6a (Felsenstein 2002) . The minimum spanning network of the haplotypes of C. musculinus was constructed with the program MINSPNET (Excoffier et al. 1992 ), including as outgroups 1 sequence of Calomys lepidus and 1 of C. sorellus obtained from Smith and Patton (1993-GenBank accession numbers U03544 and U03543, respectively).
Mismatch distribution analysis was carried out with the program Arlequin, version 2.000 (Schneider et al. 2000) . We used this method to test if the species underwent a recent range expansion. Sequences of the 6 populations were grouped for this analysis (as if all the individuals belonged to a single population because the number of specimens from each population was very low). The program assumes a population expansion as the null hypothesis, and generates a theoretical distribution of the differences among haplotypes, which is compared with the real distribution of the data. The program calculates the parameter s, which estimates the time of occurrence of the hypothetical expansion, where s ¼ 2lt, and t is time, expressed in number of generations since the population expanded, and l is the mutation rate per generation for the segment of DNA under study, and the parameter h, which estimates the population size: h ¼ 2Nl where N is the effective size of the population's females. The parameter is measured before (h 0 ¼ 2N 0 l) and after (h 1 ¼ 2N 1 l) the assumed population expansion. The raggedness index of Harpending (1994) also was computed. The comparison of the sum of square deviation between the observed and estimated mismatch distribution was used as a statistical test for the estimated expansion models (Schneider and Excoffier 1999) .
In order to justify the assumption of mutation-drift equilibrium in the application of the mismatch distribution analysis, we used Tajima's (D statistic-Tajima 1989 ) and Fu's (F s statistic-Fu 1997) neutrality tests, with the program Arlequin version 2.000 (Schneider et al. 2000) . Significance of both tests was examined using 1,000 permutations.
RESULTS
We amplified and sequenced a 600-bp fragment corresponding to the 59 end of the Cytb gene for all the individuals included in this study. Sequence data have been submitted to GenBank (accession numbers DQ452305-DQ452331). The Kimura 2-parameter genetic distances among individuals of C. musculinus were low, and ranged between 0% and 0.84%. Distances between C. musculinus and C. sorellus were, on average, 12% and between C. musculinus and C. lepidus, 10%.
Only 13 variable sites were detected in all samples C. musculinus, which determine the 13 haplotypes detailed in Table 1 . All mutations were transitions; 12 of them were synonymous substitutions, and the only nonsynonymous substitution was on position 473. The change of G to A would produce a modification of the net charge of the amino acids of the Cytb, because 1 serine (polar noncharged) is replaced by an aspartic acid (negatively charged).
The most frequent haplotypes (1, 2, 7, and 10) were found in 3-6 individuals, whereas the remaining haplotypes are represented by 1 individual (Table 1) . The minimum spanning network of 13 Cytb haplotypes suggests that there is genetic continuity, and the most frequent haplotypes are separated among them by only 1 mutation (Fig. 2) . Haplotypes 1 and 7 
are also in a central position in the network, whereas haplotype 10 is found at the tip of the network, which could reflect its recent origin. All unique haplotypes also are situated in a distal position in the network. Haplotype 2 is the most basal haplotype and is connected to the 2 outgroups, C. sorellus and C. lepidus. There is lack of geographic structure; no geographical association was found for any group of haplotypes considering either its origin or its location in a particular phytogeographic region. The mean / ST for the 6 populations is 0.13 (P , 0.05). Populations from the endemic region of AHF (Melo, Uranga, San Nicolás, and Pergamino) were compared with those distributed in the peripheral area (Molinari and Donovan). The results of the analysis of molecular variance indicated that only 3.6% (nonsignificant) of the variance was explained by the differences between the 2 groups of populations, whereas 11.4% (nonsignificant) of the variance was explained by the divergence among populations within each group. Most of the differences (85%; P , 0.05) were thus due to variation between individuals within populations.
The result of the mismatch distribution analysis suggests that C. musculinus experienced a recent population expansion. There is no significant difference (P ¼ 0.45) between the observed data and the theoretical data generated by the method (Fig. 3) . In addition, there is a large difference between the initial (h 0 ¼ 0) and final (h 1 ¼ 3,530) values of the parameter that estimates the effective size.
The strongly negative F s statistic value for C. musculinus (À7.167; P , 0.01) supports the hypothesis that the populations have undergone a substantial growth. The value of D is also negative, although not significant (À1.284; P ¼ 0.09). Computer simulations by Fu (1997) have demonstrated that the F s statistic is a more powerful parameter than Tajima9s D statistic when expanding populations are considered.
DISCUSSION
In this study we used a phylogeographic approach based on Cytb data and used several tests to analyze the current versus historic levels of gene flow in C. musculinus. The shallow, starlike phylogenetic network showing low genetic discontinuities combined with an absence of geographic structure of C. musculinus fits category V of the phylogeographic patterns proposed by Avise (2000) . This pattern characterizes populations that increased their size explosively from a few individuals, while expanding the range of the species in recent historical times. The mismatch distribution analysis (with a high value of h 1 ), the F s test of neutrality, and the lack of evidence of geographic structuring according to the phytogeographic origin of the samples also support that conclusion. These results are in agreement with those obtained by González-Ittig and Gardenal (2004) based on RFLP analysis of the mtDNA D-loop region, using 231 individuals of C. musculinus from 16 populations. In that study, the authors detected 24 haplotypes; 2 of them were widespread, presented high frequency, and occupied a central position in the network. Using Cytb sequences, 4 haplotypes out of a total of 13 are the most common, with only 2 of them positioned in the center of the network. This difference could be explained by the limitations of the RFLP technique to detect all of the genetic variability present in the D-loop region. Notwithstanding, it is interesting to note that we obtained similar phylogeographic patterns using 2 different mitochondrial genes and 2 types of techniques, sequencing and PCR-RFLP analysis. This last technique has been considered indirect, outdated, or superfluous by some authors (Carr and Marshall 1991; Wilson et al. 1989) . Although the RFLP technique may not be able to uncover all of the variation, according to our results, both techniques give comparable results and they suggest that criticisms of the use of RFLP data in phylogeographic studies may be overstated.
In addition to our phylogeographic analysis, other sources of evidence also support a recent range expansion of populations of C. musculinus. The 1st fossil record of Calomys cf. C. laucha-C. musculinus in the Humid Pampa is from the middle Pleistocene (Tonni et al. 1993) ; according to this finding, the genus cannot be considered a recent invader of that phytogeographic region. From the middle Pleistocene until the upper Holocene, Calomys cf. C. laucha-C. musculinus was recorded at a very low frequency in the area (Pardiñas et al. 2002) . Since the introduction of agriculture in the Humid Pampa (at the end of the 19th century), corridors of habitats favorable to movements of C. musculinus would have been available (Bilenca and Kravetz 1995) , favoring population flushes in disturbed habitats by human activities, such as crop fields (Busch and Kravetz 1992) . This explosive increment in population densities also can be inferred by comparing fossil and contemporary owl pellets from the Pampa and Patagonia regions, because Calomys is one of the dominant taxa found in modern owl pellets, whereas in fossil pellets its frequency rarely attained more than 10% (Pardiñas 2004; Pardiñas et al. 2000 Pardiñas et al. , 2002 . In recent decades, the Espinal and Chaco Serrano regions also have been disturbed by fire, deforestation, and crop fields (Zak et al. 2004) , which would have contributed to the intermixing of local populations with migrants from the Humid Pampa invading these altered habitats. After the expansion, genetic drift would have been the main force acting to determine the random divergence of subpopulations of the species. Current levels of gene flow would be low to moderate, as indicated by the important number of closely related haplotypes with exclusive or very limited distribution (as haplotypes 3, 4, 5, 6, 8, 9, 11, 12, and 13) . García et al. (2000) analyzed the genetic diversity of Junin virus strains from central Argentina, derived from human and rodent isolates. The variants were grouped in 3 distinct clades: 1 containing 33 strains from the center of the endemic area of AHF, the 2nd comprising 4 strains from the northeastern edge of that area, and a 3rd group represented by 4 strains from Melo, Laboulaye, and Rosales, in the western part of the endemic area. In our study, the specimens of C. musculinus from Melo did not form a separate cluster. The distribution of the haplotypes detected here presents a pattern similar to that observed for the main phylogenetic group (33 strains) of circulating variants of Junin virus , that is, high genetic similarity among them and lack of geographic structure.
On the basis of an extensive study on the reservoir ecology (density, demographic structure, and ethology) and distribution patterns, prevalence of infection, and virulence of different strains of Junin virus across several years, Calderón (2004) postulated that the history of the AHF disease could be divided into 3 periods. The 1st period would be the ''preemergence of the AHF,'' in which rodent communities would have been in equilibrium, with a low rate of infection among rodents and the circulation of Junin virus strains with low to moderate virulence. The 2nd period would be the ''emergence of AHF and viral expansion,'' in which environmental alterations caused by human activity would have caused an imbalance in rodent communities initiating an explosive expansion of populations of C. musculinus, accelerating viral transmission. As a consequence, the rate of infection among rodents and the rate of human infection with viral strains presenting moderate to very high virulence would have increased. The results of our studies of C. musculinus and the diversity of the main clade of Junin virus genotypes support this hypothesis. The 3rd period would be the ''self-limitation of the AHF,'' in which populations of C. musculinus would experience little fluctuations in density with a reduction in the rate of infection in rodents and humans, given that some Junin virus strains became extinct in many localities and in others, their virulence is mild. At present, rodents infected with Junin virus have a very limited geographic distribution in natural populations (''focal'' infection), which is in agreement with the low levels of current gene flow inferred from our results.
If populations of C. musculinus are currently in the 3rd period, we predict that at present only focal emergence or reemergence of AHF would occur in those sites where Junin virus is present, and that environmental changes (such as human alterations of the habitat) could favor sudden expansions in population densities of C. musculinus (Calderón 2004; Mills et al. 1992 ). According to our present knowledge of the ecology and genetic structure of populations of the reservoir and that of the infectious agent, a steady and uniform expansion of the endemic area of AHF would not be expected.
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